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This study presents a numerical assessment of consolidation under vacuum preloading with a 
system of vertical drains and membrane, considering the non-linear properties of the soil This 
membrane system, already widely used in Australia, is where an airtight membrane is placed over 
the drainage layer to allow a vacuum to be distributed within the sand platform, along the surface 
of the soil, and down the vertical drains. To date, there have only been a few fundamental 
investigations and field studies that have tried to assess the way in which the vacuum can 
propagate in soft clay, both laterally and vertically.  In this model, both vertical and horizontal 
drainage was considered to reflect more realistic in-situ conditions. Moreover, the change of 
compressibility and permeability during consolidation was taken into consideration, including a 
possible loss of vacuum along the length of the drain. This model was initially verified for a single 
drain using large scale laboratory testing, and subsequently applied to a fully instrumented case 
study, namely the Ballina Bypass (along the Pacific Highway, NSW). The numerical solutions 
capturing the lateral distribution of the vacuum provided accurate predictions of the pore water 
pressure and associated settlement. 
 




The system of vertical drains combined with vacuum preloading is one of the most popular methods of 
increasing the shear strength of soil and reducing its post construction settlement by shortening the 
drainage path (Hansbo 1979, Atkinson and Eldred 1981, Runesson et al. 1985, Holtz et al. 1991, Hird 
et al., 1992, Zhu and Yin 2000, Fox et al. 2003, Walker and Indraratna 2006, Rujikiatkamjorn et al. 2009, 
Ghandeharioon et al. 2010).  
 
In a membrane system, after prefabricated vertical drains (PVDs) are installed and the sand blanket is 
placed with horizontal perforated pipes, a membrane is laid on the top, the edges are placed in a trench 
and submerged under a bentonite slurry (Fig. 1) (Geng et al. 2011), and then the vacuum pumps are 
attached to a discharge system. One major advantage of this system is that the vacuum can be 
distributed within the sand platform, along the surface of the soil, and down the PVDs. However, one 
obvious drawback is that the efficiency of the entire system depends on maintaining an airtight system 
over a significant period of time. Thus far, there have only been a few fundamental investigations and 
field studies assessing how the vacuum propagates laterally and vertically in soft clay, and most of the 
existing theories still consider the coefficients of permeability and compressibility to be constant during 
consolidation (Davis and Raymond 1965, Basak and Madhav 1978, Xie et al. 2002, Geng et al. 2006, 
Cai et al. 2007). This paper presents a numerical solution for vertical drains with vacuum preloading 
and a membrane system, with the soil having non-linear properties. Both vertical and horizontal 
drainage, smear zone and the well resistance of the drain were considered in this analysis to reflect 
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2 GOVERNING EQUATIONS AND BOUNDARY CONDITIONS 
 
In order to study the loss of vacuum, the vacuum pressure along the boundary of the drain was 
considered to vary linearly from p at the top of the drain to p at the bottom, where   is a ratio 
between the vacuum at the top and bottom of the drain. The value of  is between 1 and 0. If there is 
no loss of vacuum at the bottom of the PVDs, 1  , and if the vacuum pressure is totally lost, then 
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Figure 1. (a) Membrane system and (b) unit cell with vertical drain and vacuum distributed along the 




Figure 2.  Constitutive relationships of compressibility and permeability of the soil layer: (a) hydraulic 
conductivity in the vertical direction; (b) hydraulic conductivity in the horizontal direction; (c) 
compressibility of the soil 
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The change in void ratio with permeability and effective stress (Fig. 2) can be expressed by: 
' '
0 0log( / )ce e c                                                       (6a) 
0 0log( / )k v ve e c k k                 (6b) 
0 2 0log( / )h he e c k k                     (6c) 
The boundary conditions for both the radial and vertical directions are as follows: 
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sr r : s nu u                          (7c) 
wr r : s wu u , wu u                   (7d) 
0z  : wu p , u p                                            (7e) 













                    (7f) 
The initial condition is: 
At t = 0，ū = q0                               (7g) 
where rs is the radius of the smear zone, re is the radius of the influence zone, r is the radial coordinate, 
z is the vertical coordinate, t is the time, εv is the vertical strain, e  is the void ratio, 0e  is the initial void 
ratio, cc is the compression index, ck is the vertical hydraulic conductivity index, c2 is the horizontal 
hydraulic conductivity index, kh is the horizontal coefficient of permeability of the soil, kv is the vertical 
coefficient of permeability of the soil, ks is the coefficient of permeability in the smear zone, kw is the 
coefficient of permeability of the vertical drain, ū is the average pore pressure, us is the pore pressure at 
any point in the smear zone, un is the pore pressure at any point in the natural soil zone, uw is the 
excess pore water pressure within the vertical drain, q is the time-dependent surcharge preloading, q0 
is the initial value of preloading, Lw is the thickness of the sand, H is the thickness of the whole layer 
(both sand blanket and clay), and p is the vacuum pressure. 
 
Equations (2) and (3) are highly non-linear, considering coupling between the pore fluid phase and 
soil skeleton and hence do not have a general solution with the boundary conditions mentioned 
above. Therefore, a finite element method was used here.. 
 
 
3 APPLICATION TO A CASE STUDY 
 
In order to reduce traffic congestion at Ballina, Australia, the Pacific Highway linking Sydney to 
Brisbane was constructed. This by-pass route crosses a flood plain that consists of highly compressible 
and saturated marine clays up to 20m thick. Before construction began, a vacuum assisted surcharge 
load in conjunction with PVDs was used to shorten consolidation time and stabilise the deeper layers of 
subsoil. A trial embankment was built at the southern approach to Emigrant Creek, north of Ballina, to 
be used for a test period of 128 days, and then 34 mm diameter circular drains were installed in a 
square pattern, at 1.0m intervals. The locations of the field instruments, including the surface 
settlement plates, inclinometers and piezometers, are shown in Figure 4. The embankment was 
divided into 2 sections, i.e. Section A without vacuum pressure, and Section B with vacuum pressure. A 
70 kPa (suction) vacuum was then applied at the drain interface. The bottom layer of soft clay at each 
settlement plate and the geotechnical parameters of the four layers of sub-soil obtained from standard 
oedometer tests are listed in Tables 1 and 2, respectively. 
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Figure 3. Layout of the instruments for the test embankment at Ballina Bypass. 
 
Table 1. Thickness of the soft clay. 
Settlement plate SP1  SP3 SP5 SP7 SP9 SP11 
Thickness (m) 6.7 9.7 11.7 14.7 17.7 24.7 
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8.3-24.7 Clay 4.6 0 /1.5hk 1.15 1.94 79 153 -70 2.14 15.5 
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Figure 4. (a) History of applied surcharge loading and vacuum pressure; (b) Settlement comparison 
between field data and the numerical solutions. 
ANZ 2012 Conference Proceedings 200
Figure 4 compares the field data with the numerical results. During construction the settlement 
matched the field data quite well, but settlement increased when the thickness of the soils and amount 
of surcharge preloading increased. Figure 5 shows that after the embankment had been constructed, 
the dissipation of excess pore water pressure was slightly faster than the data measured in the field.  
In fact, during the early stages of construction, the surcharging preloading had a considerable influence 
on the dissipation of excess pore water, and this is especially so when construction takes a long time.   
 
Figure 6 shows the difference between the degree of consolidation based on the dissipation of excess 
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U r drdz r drdz      ), with a different construction time factor vcT , respectively. For 
the same time factor ( 20 /v vT c t H , 
'
0 0 0 0(1 ) ln10 / /v v w cc k e c   ), Up is always less than Us, which is 
similar to the one dimensional non-linear consolidation theory obtained by Cai et al. (2007), Geng et al. 
(2006) and Xie et al. (2002). This also shows that the settlement based on Us occurred at a slightly 
higher rate than the settlement based on Up. The difference between the linear and non-linear solutions 
increased with an increase in the rate of the construction time factor vcT . For the degree of 
consolidation defined by the settlement (Us), the non-linear model under constant load was the same 
as the linear model. However, for a given time factor ( vT ) the degree of consolidation defined by the 
excess pore water pressure (Up), the non-linear model predicted that Up under a constant load would 
be smaller than the linear solution. 
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Figure 5. Comparison of excess pore water pressure between field data. 
 







































































Figure 6. Different degree of consolidation between Up and Us with different construction time factor Tvc 
under ramp loading 
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4 CONCLUSION 
 
This study presents vertical drains with vacuum preloading as a solution for a membrane system that 
considered the non-linear property of soft clay. Both vertical and horizontal drainage were included in 
this analysis to reflect realistic in-situ conditions. The general solutions of pore water pressure, 
settlement, and the degree of consolidation were derived based on the FEM.  Considering the 
non-linear characteristics of the soil, the degree of consolidation defined by pore water pressure (Up) 
was quite different from the degree of consolidation defined by settlement (Us). It was further found that 
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